We demonstrate strong coupling of single photons emitted by individual molecules at cryogenic and ambient conditions to individual nanoparticles. We provide images obtained both in transmission and reflection, where an efficiency greater than 55% was achieved in converting incident narrow-band photons to plasmon-polaritons (plasmons) of a silver nanoparticle. Our work paves the way to spectroscopy and microscopy of nano-objects with sub-shot noise beams of light and to triggered generation of single plasmons and electrons in a well-controlled manner.
wave character of propagating photons which leads to a weak coupling with matter. In this Letter, we demonstrate more than 55% coupling between a diffraction-limited beam of single photons and single silver nanoparticles, which act as classical dipolar antennae.
This strong photon-dipole coupling allows efficient excitation of single plasmon-polaritons (plasmons) [12, 13] and imaging of nano-objects with nonclassical light.
The source of single photons in our experiments is a single dye molecule embedded in an organic crystalline matrix. Figure 1a shows the energy level scheme of such a molecule as well as its excitation and fluorescence channels. We begin with experiments performed at T ≃ 1.4 K, where we used a tunable narrow-band dye laser to excite dibenzanthanthrene (DBATT) embedded in n-tetradecane on the S 0,v=0 → S 1,v=1 transition at the wavelength of λ ≃ 581 nm [14] . This state rapidly decays to the S 1,v=0 state that has a lifetime of 9.5 ns determined by fluorescence to the S 0,v states. By filtering the broad Stokes-shifted fluorescence to the v = 0 manifold and collecting the emission on the S 1,v=0 → S 0,v=0 zerophonon line (ZPL), we obtained a source of single photons at λ ≃ 589 nm with a lifetimelimited linewidth of 17 MHz [14] . Figure 1b displays a recorded second-order autocorrelation function that proves the strongly photon-antibunched nature of this light. More details of the cryogenic setup and characterization of the single-photon source can be found in Ref. [14] .
Here, it suffices to point out that this narrow-band single-photon source delivers a high power of up to 500 fW, corresponding to about 10 6 detected photons per second.
The collimated beam of single photons was coupled into a single-mode fiber and directed to a home-built microscope at room temperature as shown in Fig. 2a . An oil-immersion objective with a numerical aperture (NA) of 1.4 focused this light onto single silver nanopar-ticles with nominal diameter of 60 nm (British Biocell), which were spin coated on a glass cover slide and index-matched by immersion in oil (refractive index=1.49). Another microscope objective (NA=1.4) collected the transmitted light and sent it onto an avalanche photodiode (APD). A second APD was used to record the signal in reflection. In addition,
we used flip mirrors to couple the light from the dye laser or a white-light source directly to the room-temperature microscope for characterization and diagnostics of the nanoparticles on the sample. By inserting a pinhole in the image plane, we could select each single particle and record its plasmon spectrum using a grating spectrometer.
The red trace in Fig. 2b plots the plasmon spectrum of a nanoparticle that matched our single photon source at λ = 589 nm indicated by the black curve. This spectrum corresponds to a prolate silver ellipsoid with a short axis of 46 nm and a long axis of 94 nm that is parallel to the substrate. We find good agreement with the results of calculations that considered a dipolar scatterer [15] and illumination parallel to the long axis of the particle (see blue curve of Fig. 2b ). Indeed, electron microscopy revealed that the colloidal particles were mostly elongated (see Fig. 2c ) with a notable variation in shape and size. We, thus, selected nanoparticles that matched the wavelength of our single-photon source (see Fig. 2b ) and maximized the signal. and the details of the contrast mechanism and the detection scheme are discussed in the literature [17, 18] . Here, we briefly highlight the interferometric character of the signal
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where E sca is the electric field of the scattered light at the detector position, and E ref denotes
the electric field of a "reference" beam. In case of the transmission signal, the reference is the incident light, whereas for the reflection signal, it is produced by a residual reflection of the illumination within the optical setup. Depending on the relation between E ref and E sca , the second or the third term of Eq. (1) might dominate and determine the signal contrast [18] .
Furthermore, this is influenced by the scattering phase angle ϕ, which depends on the dielectric function of the nanoparticle at the illumination wavelength as well as its size and shape [18] . . The output of this fiber is sent to the sample in a room-temperature microscope. Two avalanche photodiodes rAPD and tAPD register the signal in reflection and transmission, respectively. A spectrometer records the plasmon spectrum of a particle upon illumination by a white-light source. DM: dichroic mirror, BS: beam splitter. (b) The red curve shows the experimentally measured plasmon spectrum of the particle studied in the first experiment. The blue curve displays a theoretical spectrum corresponding to an ellipsoidal silver particle with long and short axes of 94 and 46 nm, respectively. The black curve shows the spectrum of the narrow-band single-photon source. (c) Electron microscope image of a typical silver spheroid. Here, the silver nanoparticle was modeled as a dipolar emitter, taking into account radiative and dynamic depolarization corrections [19] . We found a good agreement between the theoretical predictions and the experimental results if we considered the polarizability corresponding to the scattering cross section reported in Fig. 2b [15] . A correction to the observed FWHM, ∆X np , for the finite size of the nanoparticle could also be made according
np where D np = 46 nm is the particle size along the scan direction, and ∆X pd is the FWHM calculated for a point dipole. However, this amounts to an adjustment of only 3 nm, which we have chosen to neglect here. We mention in passing that the appearance of the elliptical images in Figs. 3a,b,d ,e is a well-known effect for tightly focused linearly-polarized light [20] . Another noteworthy point is that because of the nearly index-matched sample, the large cross section of the silver particle, and a tight focusing, the reflection signal is dominated by the second term of equation (1) Tight focusing is key to achieving a strong coupling between a light field and a dipolar emitter [1, 2, 3] . The cross sections in Fig. 3f reveal large extinction and reflection contrasts of 55% in transmission and 22% in reflection. This is in very good agreement with the rigorous vectorial calculations shown by the solid curves, which take into account the modal character of a Gaussian beam as well as the illumination and collection solid angles [1] .
The data presented above clearly show the large effect of a single dipolar oscillator on a propagating light beam. Given that the interaction of the incoming photons with the nanoparticle has been mediated by the excitation of its plasmon-polaritons, these results indicate a high probability that an incident photon excites a single plasmon [13] . To define an efficiency for the conversion of a photon to a plasmon, we add the probabilities that it is absorbed and scattered by the particle. In general, computation of this quantity from the reflection and transmission measurements requires a careful consideration of the incident focusing angle α and the collection angle β [1, 2] . However, if α = β, a simple argument based on energy conservation lets us conclude that the sum of the scattered and absorbed powers equals the power removed from the incident beam, which is directly read from the transmission dip. If α < β, some of the light that is scattered at larger angles is also collected, which reduces the transmission dip. In our case, the illumination and collection microscope objectives were identical, but the former was not completely filled in order to minimize the loss of photons. Thus, the data in Fig. 3f yield a lower bound of 55% for the photon-plasmon conversion efficiency.
The two series of images in Fig. 3 acquired with laser light and a single photon source appear nearly identical. However, in the first case the signal can be described by the interference of classical fields, while the contrast mechanism of the images recorded by the latter can only be understood as the result of a Young-double-slit type of experiment for single photons [21, 22] . Here, the two interfering paths for each photon correspond to scattering by the nanoparticle and transmission without any interaction. After averaging the signal accumulated from a large number of single photons at each pixel, one retrieves the results familiar from classical optics.
We have demonstrated that a focused beam of single photons can be used to detect and image nanoparticles. This beam can also be produced in a triggered fashion by using a pulsed excitation of the molecule on the S 0,v=0 → S 1,v=1 transition [23] . If the excitation beam is strong enough, one can ensure the production of a photon after each pulse, yielding an intensity-squeezed light source with a well-defined number of photons per unit time. Such a light source would allow the detection of objects with arbitrarily small optical contrast because it eliminates noise on the first term |E ref | 2 of Eq. (1) so that the second and third terms can be deciphered regardless of their magnitudes [11, 18, 24] . One should bear in mind, however, that any loss in the optical system reduces the degree of squeezing [8] . In our experiment, the central source of loss has been the limited collection angle of the lens used behind the solid-immersion lens in the cryostat (see Fig. 2a ). This can be substantially improved by employing different choices of lenses [25] .
A second major cause for losses in the setup of Fig. 2a is the coupling into an optical fiber.
To verify that use of a single mode and spatial mode filtering is not a strict requirement for the ability to focus single photons to the diffraction limit, we also performed free-beam measurements. Here, we collimated the single photon emission of a room-temperature terrylene molecule embedded in a thin para-terphenyl film [26, 27] , and sent it directly to the second microscope as described earlier in Fig. 2a . Figure 4a displays an example of an image of a silver nanoparticle recorded in this fashion, while Fig. 4b shows a cross section from it. We find that the full width at half-maximum is as small as 370 nm [28] , demonstrating that freely propagating single photons can be indeed focused tightly. Here, the transmission dip amounts to only 15% because in this experiment we did not search for a nanoparticle with a plasmon resonance that matched the emission spectrum of terrylene. Moreover, the photonplasmon coupling efficiency in this arrangement is less efficient than the narrow-band single photon source discussed earlier because the broad room-temperature emission of terrylene (see inset in Fig. 4b ) does not fully overlap with the particle plasmon resonance.
Strong focusing of single photons demonstrated in this work opens doors to many inter-esting experiments where photons are to be managed with high efficiency and funneled to other quantum systems in the condensed phase. For example, one can use a silver nanoparticle as a nanoantenna [29] to convert single propagating photons to single plasmons in nano-circuits. As opposed to the near-field coupling of photons from pre-positioned emitters to nanowires [12] , coupling via propagating beams has the great advantage of being versatile with potential for broad-band communication because a large number of narrow-band single photon beams can be coupled simultaneously or sequentially via the same nano-antenna port. Plasmons can in turn generate electrons in a photovoltaic process where a quantum of excitation at optical frequencies gives birth to an electron [30] . These processes would offer interesting possibilities for quantum state engineering of hybrid systems. Another important promise of our work is in the detection and imaging of very small nanoparticles and single molecules [11, 18, 31] . To achieve this, we plan to optimize the use of solid-immersion lenses to reach collection efficiencies in excess of 90% [25] , and thus produce an intensity-squeezed train of single photons from a single molecule.
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